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Executive Summary
We have investigated the generation of broadband frequency combs via parametric mixing in CMOS-compatible silicon nitride microresonators. In this system amplification via the nonlinear process of four-wave mixing (FWM) leads to amplification of frequency components at microresonator sidemodes of the pump. At sufficiently high powers the threshold for parametric oscillation occurs, and the process can continue to cascade to other sidemodes as the power is increased.
This report describes our results to develop the technology for the generation of a broadband parametric frequency comb with flexible operating wavelength and comb spacing. We showed the flexibility in operating wavelength with our demonstration of comb generation with a 1-m pump. We further developed our technology at 1.5 mm and showed that with appropriate waveguide engineering, the comb can span an octave of bandwidth, which is crucial for selfstabilization. Additionally, through modification of the resonator design, we have shown the ability to generate combs with various spacing ranging from 200 GHz to 20 GHz. Finally, we have utilized the comb to generate a high-repetition-rate, ultrafast pulse source.
In conclusion, we have shown that the silicon nitride resonators offer potential as a platform for robust, integrated, chip-scale comb source. The system can be further improved to develop stabilized comb sources that can be utilized for various spectroscopic applications and the creating of highly robust and compact all-optical clocks.
Introduction
Over the past decade a revolution has occurred in techniques for producing optical frequency combs [1] . Such combs can provide a high precision frequency "ruler" for performing spectroscopic measurements in the infrared (IR), visible, and ultraviolet regimes [2] and can be applied to broad-band laser-based gas sensing [3] and molecular fingerprinting [4] . For the case in which the combs span more than an octave of the central frequency, such combs can be used to create an optical clock.
Generation and stabilization of optical frequency combs have traditionally relied on modelocked solid-state and fiber lasers, which are capable of producing ultrashort pulse trains in the visible and near-IR range. In numerous optical frequency comb demonstrations, a broadband, octavespanning spectrum is often desired to be able to use a self-referencing technique for stabilization of the carrier-envelope-offset frequency f CEO , which represents one of the two degrees of freedom for controlling the frequency comb from ultrafast solid-state lasers [5] [6] [7] . The selfreferencing technique requires that the low-frequency portion of the spectrum be frequencydoubled and heterodyned with the high-frequency portion to produce a baseband beat note equal to f CEO , which can be phase-locked to a microwave frequency standard [8] . This necessitates either direct generation of the octave-wide spectrum from the ultrafast source [9] or external spectral broadening mechanisms such as supercontinuum generation in microstructured fibers [9, 10] . The other degree of freedom in frequency combs is the spacing between adjacent lines, which is determined by the cavity repetition rate f R of the ultrafast laser. Precise stabilization of f R can be achieved by locking a comb line to an atomic transition whereby f R is determined by the precision of the locks divided by the line number ~ 10 6 . Stabilization can also be achieved by photodetection of the periodic output pulse train and phase-locking a filtered high harmonic to a frequency standard or synthesizer. Complete control and stabilization of these two degrees of freedom has been demonstrated successfully with various solid-state and fiber laser platforms. The wavelengths of the optical frequency combs cover the visible and near-IR range due to availability of gain materials which are further expanded via supercontinuum generation in microstructured fibers.
Recently, cascaded optical parametric oscillation (OPO) in high-Q microresonators has been shown as a promising alternative approach for frequency comb generation [11] [12] [13] [14] [15] [16] [17] [18] . Various cavity geometries such as suspended microtoroid or microsphere resonators have been shown to provide extremely high cavity quality factors Q reaching 10 9 for visible and infrared wavelengths [19] . In these implementations, the whispering gallery modes of the high-Q microresonators can be accessed externally with either a tapered fiber or prism, and the parametric interaction can be driven with a resonant continuous-wave (cw) pump. Experimental demonstrations of frequency combs using high-Q microresonators have commonly utilized exploited the χ (3) nonlinearity of the constituent material such as silica [12, 13, 15, 18] and calcium fluoride [14] . A practical drawback to high-Q resonator designs utilizing whispering gallery modes that the coupling efficiency and the threshold power for parametric oscillation with the tapered fiber access are extremely sensitive to fiber displacement from the cavity and maintaining the Q of these cavities is known to require a nitrogen-purged environment to avoid absorption from ambient water vapor.
In our research, we utilize silicon nitride microresonators for parametric frequency comb generation [20, 21] . Unlike many other high-Q resonator designs, the resonator and the coupling waveguide are monolithically integrated. Thus, the entire on-chip configuration of CMOScompatible microresonators can provide robust operation in ambient conditions yielding a truly monolithic, robust, and highly compact frequency comb source capable of tight integration with control electronics and other photonic components such filters and modulators.
Parametric Frequency Comb Generation
Frequency comb generation in microresonators is dependent on the parametric four-wave mixing (FWM) which is dependent on the  (3) nonlinearity. In this system, parametric amplification via the FWM leads to amplification of frequency components at microresonator sidemodes of the pump. At sufficiently high powers, the FWM gain leads to parametric oscillation. As the power in the sidemodes build up, they become pumps for cascaded FWM. Furthermore, higher order degenerate and non-degenerate FWM processes fill in all of the adjacent resonator modes, generating multiple new frequencies from a single-frequency input (Figure 1 ). Engineering the dispersion of microresonators is essential for efficient generation of the cascaded OPO spectrum beyond an octave. With the typical cross-section of the microresonators ranging around optical wavelengths, the waveguide dispersion dominates over material dispersion, providing an essential design tool for broadband dispersion engineering [22] [23] [24] . For example, the normal dispersion introduced by the material can be compensated by the waveguide dispersion designed to be anomalous, so that the total chromatic dispersion can be kept near zero or slightly anomalous depending on the waveguide width for a given height. This condition provides the necessary phase-matching for cascaded parametric interactions within the microresonator. For silicon nitride waveguide, due to the high index contrast between the nitride core and oxide cladding, high mode confinement can be achieved in the structure, resulting in a large contribution from the waveguide dispersion ( Figure 2 ). This allows for dispersion tailoring through engineering the waveguide cross-section size and shape. Unlike whispering gallery mode resonators, in most cases, phase-matching is achieved independent of cavity length which allows a larger degree of freedom in the choice of the generated comb spacing and operating wavelength. Broadband comb generation requires operation anomalous dispersion regime of the resonator to satisfy phase-matching conditions. Dispersion simulations using a finite-element mode solver indicate that a broadband anomalous dispersion regime spanning nearly an octave is possible with appropriate waveguide cross-section engineering (Figure 2 ) [25] . Approved for public release; distribution unlimited.
Frequency Comb Generation with a 1-m Pump
For frequency comb generation with a 1-m pump, we engineer the resonator dispersion such that the total dispersion is anomalous over a broad bandwidth surrounding the pump wavelength. In our experiment, we amplify a tunable single-frequency laser centered at 1064 nm with a ytterbium-doped fiber amplifier (YDFA) and inject it into a nanowaveguide which is coupled to the microring resonator (Figure 3 ). Both the coupling waveguide and the microring were fabricated in a silicon nitride layer which is deposited on a silicon dioxide substrate using low pressure chemical vapor deposition. We designed our devices for a core thickness of 600 nm. To mitigate variations in fabrications of film thickness, waveguide width and waveguide etch angles, we fabricated multiple chips with nominal waveguide widths varying from 800 nm to 1200 nm in 50-nm increments. For each width, ring resonators of three different diameters, 100, 200 and 400 µm are made. For each radius coupling gaps are varied across 12 waveguides from 150 to 425 nm between the ring and waveguide. Examples of spectra generated from the microresonator are shown in Figure 4 for various detunings from the cavity resonance. The resonator measures 1150 nm in width, which yields anomalous dispersion at the pump wavelength of 1064 nm, which is a necessary condition for producing parametric amplification. The microring has a 200-µm diameter and the coupling gap is 375 nm between ring and waveguide. The pump power coupled to the waveguide is 250 mW. The pump wavelength is tuned into a cavity resonance, such that a stable "thermal lock" is achieved [26] . The circulating power in the microring builds up and leads to parametric oscillation [ Figure 4 While the previous parametric comb generation demonstrates a broad bandwidth, as shown in Figure 4(c) , not all of the comb lines have filled in. We attribute this to linear losses in both the microresonator and coupling nanowaveguide along a low coupling quality factor between the waveguide and cavity. The coupling separation between the nanowaveguide and the microresonators were not optimal in the early designs. The coupling coefficient must be carefully matched to the ring losses to achieve the critical coupling condition at which all the power from the waveguide is dropped into the resonator. When redesigning the devices we increased the thickness of the core nitride film. This enables a broader range of widths that give anomalous group-velocity dispersion (GVD) for both TE and TM polarizations. For the next generation of devices, we fabricated the same range of widths but focused only on the 100-µm radius rings, which were the most promising for broadband comb generation. On each chip in this generation we fabricated 25 rings with coupling gaps varying from 200 nm to 825 nm. The wide range of coupling gaps ensures that even with improved quality factors we will be able to pump near critical coupling in at least one of the devices. Additionally, we reduced the physical chip size to only 2 mm by 10 mm. The smaller size aims to diminish the effects of potential stitching-induced losses from the e-beam lithography.
Silicon nitride ring resonators with a cross section of 725 nm by 1000 nm and a 100-m radius are fabricated. The most recent chips we fabricated have now greatly improved coupling efficiencies, in the TM polarization, which allow us to significantly increase the amount of power in the microresonators. The generated comb spectra are shown in Figure 5 (a). While the bandwidth is reduced to 55.5 THz, the oscillation threshold is reduced to <80 mW and, as seen in Figure 5 (b), every adjacent comb line separated by the free-spectral range of the resonator is filled in. The comb line spacing is 230 GHz. Approved for public release; distribution unlimited.
Octave-Spanning Frequency Comb
We have investigated the generation of octave-spanning frequency combs via parametric mixing in CMOS-compatible silicon-nitride microring resonators using a single-frequency pump laser at 1.5-µm pump. Frequency combs spanning an octave enable full stabilization of the comb through a well-established f-2f self-referencing technique. In order to achieve broadband comb generation, the resonator dispersion must be engineered to have a broad region of anomalous dispersion. Numerical simulations indicates that large anomalous dispersion regions spanning nearly an octave are possible with appropriate cross-section engineering.
In our current experiments, we amplify a tunable single-frequency laser centered at 1562 nm with an erbium-doped fiber amplifier and inject it into a nanowaveguide, which is coupled to the microring resonator. The input polarization is adjusted to quasi-TE using a fiber polarization controller. The nanowaveguide acts as the coupling waveguide for the microring resonator. Both the coupling waveguide and the microring have cross-sections of 725 nm by 1650 nm with a 10° sidewall angle, and the microring has a 200-m diameter. The loaded Q is approximately 10 5 . The power inside the coupling waveguide is 400 mW when the pump wavelength is detuned from a cavity resonance for an amplifier power of 2 W. The output is collected using an aspheric lens and sent to an optical spectrum analyzer (OSA).
A typical frequency comb spectrum is shown in Figure 6 . The pump power in the coupling waveguide when detuned from a cavity resonance is 400 mW for an amplifier power of 2 W. As the pump frequency is tuned into a cavity resonance, the circulating power in the microring builds up beyond threshold for parametric oscillation. As the circulating power is further increased, cascaded FWM occurs, leading to the generation of comb lines. Higher-order degenerate and non-degenerate FWM processes fill in adjacent comb lines, increasing the overall comb density. The comb lines are generated over a wavelength span of 1180 nm, ranging from 1170 nm to 2350 nm, corresponding to 128 THz and over an octave of bandwidth [25] . The comb spacing, or free spectral range (FSR), is 226 GHz. We investigate the tuning performance of the frequency comb with pump power and show that the position of the comb lines can be shifted by 29 GHz. We estimate that the comb spacing can be tuned by 36 MHz over this range. Additionally, we characterize the RF amplitude noise of the system (Figure 7 ). We filter a 9-nm segment of the frequency comb spectrum and send it to a fast photodiode detector, and the electrical signal is characterized using an RF spectrum analyzer. As the pump wavelength is tuned into a cavity resonance, we observe a 30-dB reduction in the RF amplitude noise [25] . This low-noise state is maintained as the pump wavelength is further tuned into the resonance. We believe this is a result of the comb transitioning into a phase-locked state where the comb lines have a fixed relationship between them. Figure 7 . RF characterization of parametric comb. (a) RF noise spectra of parametric frequency comb. A 9-nm portion of the optical spec-trum is filtered from the comb for RF measurement. The noise is measured at four different pump detunings over a 10-GHz range as the pump is tuned into the cavity resonance. (b)-(e) show the corresponding optical spectra after the 9-nm section is filtered.
Low-Repetition-Rate Comb Generation
We investigate frequency comb generation with lower FSR silicon nitride resonators. In order to enable a direct link between microwave frequencies and optical frequencies, the FSR of the comb must be within the detection range of a fast photodiode (10's of GHz). Simulations of the group index allow us to calculate the path length required for each FSR. To achieve FSRs of 80, 40, and 20 GHz, the path length of the resonators must be increased to 1.8, 3.6, and 7.2 mm, respectively. These increased path lengths will no longer fit on a single e-beam field using the simple ring geometry employed in all previous parametric comb generation. In order to maintain low losses, the resonator must be written within a single e-beam field to avoid stitching errors at the boundaries. Therefore, to accommodate the increased path lengths, we fabricate a specific spiral geometry for each resonator as shown in Figure 8 . The spiral design allows us to maintain a small footprint and employ a constant semi-circular coupling region to enable critical coupling between the bus waveguide and the resonator independent of path length. Bends in the resonators have radii greater than 100 m to ensure that dispersion introduced by the bends is negligible as compared to the dispersion in the straight sections critical for proper operation of the frequency comb. Because of the relatively large resonator sizes required for such an FSR, we modify the resonator shape from a ring to an arbitrary enclosed spiral [ Figure 8 The experimental setup for the low FSR comb is identical to that of the octave comb discussed earlier. The pump wavelength is tuned to a cavity resonance near 1562 nm. Input coupling losses to the coupling waveguide when off-resonance range from -7 to -9 dB. Figure 9 shows experimentally measured spectra for comb generation in three spiral resonators, with an FSR of 80, 40, and 20 GHz [28] . The 40-and 80-GHz combs require 2.1 W, and the 20-GHz requires 2.2 W to fill the entire comb spans which are 300 nm for the former two and 200 nm for the latter. Similar to [25] , we observe that the amplitude noise of the combs, characterized with an RF spectrum analyzer, shows a reduction in the noise level during comb generation, which we believe is due to the system reaching a phase-locked state. The modulations in the 20-GHz comb spectrum result from the fact that, while it is sufficient for reaching the low noise state, the coupled power is insufficient for equalization of the comb lines. Each inset in Figure 9 shows a high resolution view of the respective comb in the low-noise state. We characterize in more detail the spacing of the 20-GHz comb by measuring the RF beat note. A 1-nm section of the comb spectrum is filtered at 1540 nm and amplified with an EDFA. The output is sent to a fast photodiode detector and measured with an RF spectrum analyzer. Figure  10(a) shows the detected RF beat note (red line) and background noise measurement (blue line), which shows the detector response. The RF beat note has a frequency of 19.83 GHz with a full width at half maximum (FWHM) of 3.6 MHz, which is significantly narrower than previous observations [29] . Additionally, we perform a beat note measurement with a 30-nm section of the comb [ Figure 10(b) ]. The linewidth of the beat note, shown in Figure 10 (c), remains unchanged with the 30× increase in the filtered spectral width, thereby confirming that our measured linewidth is not due to variations in comb spacing. We have observed previously that pump power fluctuations lead to thermal changes in the resonator that shift both the resonance and FSR [25] . We believe that our measured linewidth is limited primarily by the amplitude noise from the EDFA and the laser. We estimate a frequency shift of approximately 100 kHz/mW with respect to coupled power in the bus waveguide. 
High-Repetition-Rate Ultrafast Pulse Source
We investigate the temporal characteristics of the parametric frequency comb. A mode-locked laser source produces a periodic train of ultrafast pulses at a rate given by the comb spacing. We expect that if the comb lines of silicon-nitride resonators have a definite phase relationship, then its output should consist of a periodic ultrafast waveform in the time domain. In our experiment, we filter a 25-nm section (32 comb lines) of a 100-GHz FSR parametric comb [ Figure 11(a) ], amplify and send it into an autocorrelation for temporal characterization. Figure 11(b) shows the normalized autocorrelation trace of the observed pulse train. The pulses have a repetition rate of 98.8 GHz, which corresponds to 10.1 ps, as is expected from the FSR of the comb. The fullwidth at half-maximum is 193 ± 5 fs [30] , which we believe is limited by third-order dispersion. The peak power of the pulses is 1.2 W. The temporal output is stable as long as the pump is on resonance and there is no variation in coupling to the resonator. These results confirm our previous observation that the frequency comb transitions to a phase-locked state [25] . As described earlier, the silicon-nitride high-Q resonator platform allows for unmatched flexibility in terms of controlling the comb spacing, which is dictated by the resonator circumference, without changing the cavity dispersion. This provides the scope for designing and building a high-repetition rate pulse source with a desired pulse repetition rate. As a proof of principle demonstration, we use a 112-m-radius ring-resonator, which corresponds to a freespectral range of 225 GHz, for comb generation and pulse characterization. After filtering out a 25-nm section of the comb (14 lines) centered at 1543 nm [ Figure 12(a) ], and amplifying, we measure the pulses with the autocorrelator as before. As shown in Figure 12 (b), we observe sub-350 fs pulses at intervals of 4.44 ps, which correspond to 225 GHz repetition rate. Unlike other pulse sources, (such as a Ti:Sapphire laser) phase-locking takes place naturally in this system and there is no need for the presence of an additional saturable absorber [30] . Finally, we investigate the pulse formation dynamics in a parametric comb. Similar to our previous measurements, we filter a 25-nm section of the comb. We split the filtered output and send it to an autocorrelator and an RF spectrum analyzer. We simultaneously monitor the autocorrelation trace of the pulses formed, the RF amplitude noise, and the unfiltered optical spectrum of the generated frequency comb. The results of the measurement are shown in Figure  13 . The leftmost column shows the autocorrelation traces of generated temporal waveforms [ Figure 13(a) ], the middle column [ Figure 13 (b)] shows the RF noise spectrum and the rightmost column shows the optical spectrum of the generated frequency comb [ Figure 13 (c)] corresponding to each stage of pulse formation as the pump wavelength is tuned into resonance (top to bottom). The 25-nm filtered section of the frequency comb that is used for temporal characterization is represented in red color in each optical spectrum trace. As we tune into resonance and more power is coupled into the microresonator, small clusters of comb lines (mini-combs) begin to appear several free-spectral ranges away from the pump centered around the initially generated cascaded FWM peaks. Simultaneously, a train of pulses appears with pulse duration of ~700 fs and the several individual peaks are observed in the RF domain. As these mini-combs grow and the amplitude of the comb lines equalize, the pulse duration reduces. At the same time, however, the number of peaks in the RF domain increases and the linewidth of these peaks broadens. We attribute these peaks to beating between adjacent mini-combs due to the fact that, at this point in the comb formation process, the mini-combs are largely uncorrelated and each of these mini-combs have different comb spacings. As the comb lines equalize, more mini-combs begin to spectrally overlap, resulting in a significant increase in the RF noise. At the next stage, as we tune deeper into the resonance, the comb reaches a transition stage where the RF noise suddenly drops by >20 dB. We believe this is a result of phase-locking of the comb analogous to mode-locking in a femtosecond pulse source. The temporal waveform at this point is very sensitive to the energy of the individual comb lines being filtered and we observe modulations both in the autocorrelation and the optical spectrum. Finally, as the pump is tuned further into resonance, we again observe equalization of the amplitude of the comb lines, and pulses with the shortest duration are generated [30] . Figure 13 . Comb generation dynamics. (a) Autocorrelation, (b) RF spectrum, and (c) optical spectrum as comb is generated.
Conclusions
We have developed the technology for parametric frequency comb generation in silicon nitride microresonators. Our platform allows for control over the operating wavelength and FSR, offering potential as a platform for comb generation over a wide wavelength spanning from visible to mid-IR with arbitrary comb spacing. In addition, due to the low-noise operation of the comb due to phase-locking behavior, the system offers potential, not only as a stabilized comb source for frequency domain applications, but also as a high-repetition rate ultrafast pulse source. As compared with femtosecond-laser-based frequency comb generation, parametric frequency comb generation is a technology that is not yet mature, and both theoretical and experimental studies are need to further understand the mechanisms governing the comb dynamics [29, 31] . However, we believe our efforts are a significant step toward the development of an environmentally robust, ultra-compact, stabilized frequency comb source that can be used in applications such as spectroscopy, gas sensing, on-chip clock distribution for high-speed optical networks, remote clock synchronization, and photonic analog-to-digital conversion. 
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